An application of shape memory alloys (SMAs) for artificial anal sphincters is presented. The artificial anal sphincter consists of two all-round shape memory alloy (ARSMA) plates as the main functional parts, and heaters attached on SMA plates for generating thermal cycles required for phase transformation accompanied shape changes of the plates. The SMA artificial sphincter could be fitted around intestines, performing an occlusion function at body temperature and a release function upon heating. For reducing the potential of infection, a transcutaneous energy transmission (TET) system is incorporated into the artificial anal sphincter, facilitating the complete implantation of the device. Investigation on the thermomechanical responses of the artificial sphincter has been conducted, with both the in vitro and in vivo experiments, showing great potential of practical uses. The relation between the values of applied power and the response times, and the thermocompatibility of the device are discussed.
Introduction
SMAs are known as functional materials with their unique characteristics of shape memory effect (SME) and pseudoelasticity (PE). The features of SMA materials; the high force to weight ratio and large recoverable strains, enable their applications for compact actuators and sensors in engineering fields, daily appliances, and medical applications. Early applications, such as TiNi couplings for reliable coupling systems of titanium tubing, electrical connectors and fastener type applications were developed using simple thermally induced shape recovery in SMAs.
1) The use of SME in thermal cycles leads to the developments of a variety of SMA actuators: air-conditioning vents, thermal mixing valves, robotic hands, catheters, etc.
2) While SME requires additional equipments for heating, PE can be simply obtained by loading and unloading, therefore, is more adoptable in many daily appliances such as bra wires, antennas of cellular phones and eyeglass frames. The medical applications of SMAs are usually classified as a special category due to some demands from the medical viewpoint. Beside the biofunctionability, two important requirements are the biocompatibility of the SMA materials and the thermocompatibility. The most popular SMA; TiNi, is qualified as an implant material with acceptable biocompatibility, and has been applied in orthodontics, stents, and other applications.
3) The use of PE in these applications facilitates their design without the necessary to consider the thermocompatibility. However, it is obvious that the use of SME will allow a large freedom in the design of medical actuators like artificial muscles, 4) active catheters, 5) and various artificial organs, 6) if the thermal impact on biological tissues could be controlled carefully using thermal insulation materials covered on SMA materials. Based on this consideration, the authors have proposed an SMA actuator as an artificial anal sphincter for patients with severe faecal incontinences.
7)
The incontinence problems, generally classified into urinary incontinence and faecal incontinence, give patients social, physical and economic impact. While medical treatments such as surgical reproduction of neo-sphincter, electrical stimulation are proved effective on selected patients, prostheses are desired for severe cases. Artificial urinary sphincters have been used for implantation of more than 20,000 patients with a high success rate 8, 9) and SMA valve for urinary incontinence has been developed. 10) Meanwhile, a few efforts have been made on the research of artificial anal sphincters. Prostheses with similar structure of an inflatable circular cuff fitted around rectal bowel have been developed and examined in survival animal experiments and human patients, 11) but are still not commercially available. A reason that could discourage the research on the topic is the relative large dimension of the prosthesis appropriated to rectums. This motivated authors to propose an artificial anal sphincter using shape memory alloys (SMAs) that has compact design, and can gently provide occlusion pressure on tissues of bowel wall. In our preliminary evaluation of the proposed SMA artificial anal sphincter, promising properties of the occlusion on intestines were obtained. 12) However, the power to heat up the SMA for driving the actuator was supplied through percutaneous lines, increasing the potential of infection and limiting the utility of the device. In the present paper, a TET system is employed to provide energy for driving the artificial anal sphincter, and to eliminate the potential of infection. The thermomechanical responses of the artificial anal sphincter actuated by the TET system are presented, and the thermocompatibility of the device is discussed as well.
Artificial anal Sphincter
Most of SMA materials recover applied strains only on heating, i.e. have the one-way shape memory effect. To perform the mechanical cycles in the uses as actuators, bias springs are usually needed. A special class of SMAs, in which a rhombohedral phase (R-phase) exits between martensite phase and austenite phase, exhibits an all-round shape memory effect (ARSME). The use of ARSMAs for actuators can lead to fast responses and less power consumption, owing to the small temperature hysteresis of the ARSME. For an implantable prosthesis with ARSMAs, the above two characteristics correspond to less heat transmission to surrounding tissues. A typical SMA material of this class, Ti51at%Ni is adopted in this work. SMA plates were subjected to heat treatments (850
• C, 20 min. for the solution treatment followed by 400
• C, 100 h for aging treatment) with restrained arc shapes. The transformation temperatures were measured by the Differential Scanning Calorimetry (DSC) technique. The martensite transformation occurs in a low temperature range around the freezing point. The start and finish temperatures are obtained by DSC measurements:
• C for A-phase and M s = 49.5
• C for R-phase (see Fig. 1 ). The schematic drawing of the proposed artificial anal sphincter is illustrated in Fig. 2 . The actuator consists of two SMA plates jointed by hinges at their each ends, and foil type heaters attached on the SMA plates. The SMA plates have the dimension of 65 mm in length, 15 mm in width and 0.5 mm in thickness, respectively. Silicone pillows are covered on surfaces of the SMA plates to prevent intestines from the pressure concentration that causes the crenation. Another function of silicone pillows is for thermal insulation, as the highest temperature for the complete reverse transformation of the SMA might be higher than A f , while the tolerable temperature for tissues of living bodies is around 42
• C. The actuator could be fitted around intestines, acting occlusive forces on intestines at body temperature by the SMA plates in R-phase. Upon heating, the reverse Rphase transformation occurs in the SMA plates, accompanying by the shape changes from a flat shape to an arc shape. The shape change results in a lumen between two SMA plates allowing the bowel movement. After switching off the electric power for heating, the SMA plates recover to their initial shapes on natural cooling, closing the intestines again.
The power for heating the SMA plates can be provided percutaneously by a DC/AC power supply located outside bodies, but this proved to be difficult to avoid the infection along the electrical lines in our in vivo experiments. The TET system, a technology developed for artificial hearts 13) to solve the similar problem, is then adopted in the artificial anal sphincter. Generally, a TET system consists of two coils: a primary coil outside body and a secondary coil implanted together with prostheses. As AC current from a power supply is applied to the primary coil, the induced current can be generated in the secondary coil located coaxially with the primary one. Integrating the TET systems into the SMA actuator will facilitate the complete implantation of the artificial anal sphincter, not only to eliminate the potential of infection, but also to improve the quality-of-life (QOL) of patients.
Thermomechanical Properties

Shape changes under thermal cycles
For a bended plate the maximum strain appears on its bending surfaces. The tolerance of the strain of the material, which is a critical value for obtaining repeatable ARSME, is reported to be 1% for ARSMAs.
14) The aging treatment on the SMA plates with restrained strain smaller than 1% was conducted. This heat treatment leads to the transformation induced deformation of an ARSMA plate between a flat shape at body temperature and an arc shape upon heating, realizing the occlusion and release functions when it is used in an SMA artificial anal sphincter. The investigation of the thermomechanical properties has been conducted in survival animal experiments, focusing on the obtainable maximum of the gap between the middle points of two deformed SMA plates, which should be large enough to allow the bowel movement. The gap was evaluated by measuring the strain on the surfaces of the SMA plates. The temperature dependence of the strain is presented in Fig. 3 . As seen in Fig. 3 , upon heating, the strain increases slightly from 43
• C due to the local transformation, and exhibits a sharp rise from 47
• C, which corresponds the start temperature of the reverse transformation, and then followed by the saturation at a maximum strain. On cooling, until the temperature decreases to the start temperature of the R-phase transformation, the strain remains the maximum value. The time for this temperature drop allows the bowel movement. In addition, complete shape recovery was obtained when the temperature dropped down to the initial value. The maximum strain ε has the relation with the curvature ρ for a specific thickness t, ε = t/2ρ. Therefore, for the maximum strain of 0.005 and thickness of 0.5 mm, the curvature is calculated to be 50 mm. The initial strain of SMA plates is generated by the silicone pillows attached on their inner surfaces. The maximum strain corresponds to a lumen between two SMA plates of around 20 mm.
Transient responses of the artificial sphincter
In our previous study, in vitro investigations have been conducted on the time response of SMAs' temperatures, the temperature change depended occlusive properties. At the room temperature, the artificial anal sphincter exhibited a good occlusive function against hydrostatic pressures up to 65 mmHg, while the average inner pressure of intestines is estimated to be around 50 mmHg for human bodies. In vivo experiments have been performed in the present work to investigate the relation between the input electric power and the response time. Preliminary tests have been carried out for heating the SMA plates by a DC power supply from the body temperature to around 60
• C. The transient temperature of the SMA plates was measured by a thermocouple sandwiched between SMA plates and thermal insulations. The input voltage of the power supply was set to 8 V, 12 V, and 16 V for three cases. Since the electric resistance of the heaters is 22 , then the power for each case becomes 2.88 W, 6.48 W, and 11.52 W. As shown in Fig. 4 , the time responses were 19 s, 33 s, and 122 s for corresponding cases. For obtaining shorter response time, larger applied power is required. The temperatures on the contacting surfaces of the silicone pillows with intestines (inner surface) and the surrounding tissues (outer surface) were also measured by thermocouples for the confirmation purpose, since surface temperatures of the device should be controlled lower than the tolerance value of tissues, 42
• C. Figure 5 shows the results of the temperature measurements with electric power of 6.48 W (0.54 A, 12 V) and 33 s for heating. As seen in Fig. 5 , the SMA plate was heated up to 60
• C within around a half minute. Slight temperature rises were observed on the inner and outer surfaces but the highest temperatures were lower than 40
• C. The peak of the temperature rises on surfaces appeared with a time delay comparing with that of SMA plates due to transient heat conduction. The difference of their responses is attributed to the difference of the thickness of thermal insulations: 3 mm for the outer surface and 4 mm for the inner surface. In addition, the surface temperatures depend not only on the thickness of the thermal insulations but also on the applied time of power. Longer heating time is required for smaller applied power to heat up the SMA plates, resulting in a homogenized temperature distribution in each part of the device. Therefore, larger power with shorter applied time is preferred to prevent the surfaces of the device from overheating. The optimization of the input power requires a systematic discussion on the overall configuration of the artificial anal sphincter through numerical analyses in the further work.
Actuation by TET Systems
A typical setup of TET systems consists of an AC power supply connected with a primary coil for providing an alternating field, and a secondary coil in which the AC current could be induced and provided to a load. Such systems have been developed for artificial hearts 13) and high-power prosthetics. 15) Incorporating TET systems into artificial anal sphincters can facilitate the complete implantation for eliminating the potential of infection that is usually difficult to be avoided in applications with percutaneous leads of power supply. For medical applications, the thermal impact of the implanted secondary coil should be taken into account. The enhancement of the energy transfer efficiency is also a common concern in this technology. The thermal impact to biological tissues could be controlled by reducing the electric resistances of coils, while the optimization of the profile of coils for obtaining higher energy transfer efficiency depends on many factors such as the distance between the primary coil and secondary coil, the materials of the coil core, etc. The detailed discussion of these topics is beyond the focus of this paper. Here we investigate the possibility of the power transmission for driving the artificial anal sphincter with appropriate distances between the primary and secondary coils for practical uses. The experimental apparatus schematically illustrated in Fig. 6 consists of a high-frequency power supply connected to the primary coil L1, a secondary coil L2 connected to the SMA artificial anal sphincter, and spacers with corresponding thickness sandwiched between two coils. The outer and inner diameters of the primary coil are 60 mm and 30 mm, and those of the secondary coil are 40 mm and 20 mm. The preliminary experiments have been demonstrated in vitro for three cases with the coil gaps being 5 mm, 10 mm and 15 mm. The power with frequency of 100 kHz was applied in the primary coil with the voltages of 15 V, 18 V and 22 V for each gap. As the power factors dependent on the configuration of the experimental setup (here, mainly the gap), the values of power obtained in the coils increase with the decrease of gap, and the obtained efficiency exhibits a similar tendency as seen in Fig. 7 . The obtained power in the secondary coil ranges 3-19 W. For the case with the gap of 10 mm, the energy transfer efficiency of 70% was obtained, and it reduced to 56% when the gap was increased to 15 mm. The response times for each case are shown in Fig. 8 . The results are comparable with that shown in Fig. 4 for cases with the input power provided by a DC power supply. For a typical case with the gap of 10 mm and the power of 10 W, the response time is less than half a minute. In addition, for cases with a certain gap, the rela- tion between the response time and the power induced in the secondary coil is approximately linear. This implies the possibility to control the response time with the feedback of the voltage applied in the secondary coil, which is proportional to the power, in the further work. The temperature responses on the surfaces of the SMA plates and the thermal insulations have also been measured. The results for a representative case with the gap of 10 mm and the power in the secondary coil of 6.3 W are shown in Fig. 9 . The temperature response of the SMA plate exhibits an analogous tendency with that obtained in in vivo experiments (see Fig. 5 ). Though the input power is comparable with the in vivo case shown in Fig. 5 , the temperature rise on the inner and outer surfaces of the device exceeds 42
• C. This is attributed to the difference of heat convective condition between the in vivo and in vitro experiments, because tissues in a living body can play a role of heat radiator by themselves through the blood flow. In summary, the introduced TET system exhibits a satisfactory capability of energy transfer to the artificial anal sphincter with the coil gap over a range of 5-15 mm. In addition, no significant temperature rise was observed on the surface of the secondary coil.
Conclusions
An SMA artificial anal sphincter actuated by TET systems has been developed. The use of Ti51at%Ni, which exhibits ARSME, enables a simple design of the SMA actuator without bias springs. Fundamentally thermomechanical behav- iors of the SMA actuator have been investigated with both in vivo and in vitro experiments. Satisfactory occlusion and release functions as an artificial sphincter, and acceptable thermocompatibility were obtained. A developed TET system, which facilitates the complete implantation, is incorporated to the artificial anal sphincter, and exhibits the capability of energy transfer over a range of the coil gap of 5-15 mm with applied power of 3-19 W. Results obtained in the present paper imply the possibility of the SMA artificial anal sphincter as a new solution for faecal incontinence. Actually, survival animal experiments with the SMA artificial anal sphincter implanted in porcine models have already been conducted several times, each for two weeks. Results of assessments on both the biofunctionability and the thermocompatibility are acceptable. The evaluation of biocompatibility of the artificial anal sphincter requires more in vivo experiments.
